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The control of longitudinal emlttance in an 1,11. .neur
accelerator IS importxit for rmmmlzing both chromauc
aberrations and beam halo. The root-mean-square (rms)
Ion “tudinal emlttance

T T
ouLh can result from either the

non inear rf focusing fie ds or the nonlinear space-charge
fields, We will present conclusions based on n ~merical
beam-dynamics studies for both the radio-frequency

:
uadrupoie \RFQ), and the drift-tube Iinac (DTL). We WIII
.SCUSS the scaling of longitudinal emittance produced

durin the adiabatic bunching in an RFQ and will show Lhe
?bene Its of . amped DTL accelerating field designs WI

ma]ntain high longitudinal focusing strength with
increasing particle energy.

INTRODUCTION

The contrul of rms longitudinal emittance growth in
linear ioa accelerators’ can be impo~nt for two reasons.
Fimt, longitudinal emittance growth produces a beam halo
in longitudinal phase space that, because of coupling from
lon~tudinal to transverse motion, also may result in a beam
halo in transveme phase space, This can cause undesirable
beam spill that may be a serious limitation for linacs with
high average current. Second, for some applications, the
output beam-opti~s requirements put limits on longitudinal
emittance ta minimize chromatic aberration effects.
l)esl~ers of ion linacs need b know how to limit the growth
I]f rms longitudinal ernittance. However, few measurements
uf lon~tudinal ernitt.mce have appeared in the published
Iiternture, and in spite of progress in the unders~nding of
emlttance growth effec~, there is insutlicient guidance from
analytrc theory.

Nevertheless, we can use the numerical simulation
codes PARMTEQ1 and PA RhfILAJ ta study emittance
~rowth phenomena @nt are induc!d by both exMmal and
space-charge fields, under a variety of conditions. These
wales make use IJf a particle -in. cell (PIC) approach and have
hecn subjected M experimeiltal tests with a good record of
consistency between theory and experiment, Therefore, we
ctin use the codes as a tool to allow a study of different
cmlttance growth mechanisms and to determine
ilpproximate scaling laws that will aid the Ilnac deslg-ne. ,

A typical configuration ofa high-current, high-energy
pr,,u)n Iinac is shown in Fig, 1, The dc injector supplies a
,5{). ~, loo.ke~)” km tO the radio- frequency quadruple

IRFQ145 Iinac, The RFQ a( iabntically bunches the dc beam
ind ~cceleratis it tu an energy of about 2 !’vleV, In this
I,nrrgy rnn~e, the convenljonal clrtft. tube Iinac [DTL) cart
hv~ln ti} prl)v~de Strong transverse fucuwng nnd more
l,[~l~lrnt ;ic~el~r[ltion. Above nbout 100 MeVt H (IUSH of
t~~’celerutlnti structures called wupled. csvlty Iinntw ICC !,)
}w(v,mo more oll’lcient thnn the i) ’~1.,

Lon~tudlnal emlttance IS ot’ten qu~jted !n el~ht>r
~,nergy time ,~r energy degrees, ur In leng_th ,unitti “. r
C,(>mpar]son with transverse normalized emittance ( Se!ul
~unverwuns for s beam particle uf mass m are c, IMe\’ SI :
nw C?(cm) = c~(.MeVde ) .L360c, where c IS the speed ()!

Ylight and .\ is the rf wave ength. In this paper, we report on
Iongrtudinal ermttance growth mechanisms for tw(, cases:
(l} the bunching section of the RFQ and (2) the DT1.
accelerator

Nonllnear external ur space .charge fields can cause a
growth in the rms emltr,ance. rwo common mechanisms II!’
space-charge-induced emittance Wuwth have been
identified. First. a rapid redistribution uf charge occurs as H
result of internal oscillations of the bei,m density w the
beam becomes tnwrnally matxhed to the acceleru’wr “ ‘
Within a quarter plasma period, the beam emittance Kruwth
can occur aa space-charge field energy is cwnverted b
thermal energy. Second, for beams with aSYI’111’tIeLrlt’

properties in the three degrees of freedom, energy exchange
can occur through the coupling terms of the space .charge
force.$]u This is found to lead toward an approximate
equipartitioning of the thermal energy components which IS
more pronounced as the beam interkty increase -..

[,ONGITUl)i NA1. EM ITTANCE GROWTH
FROM BUNCHiNG IN THE RFQ

The RFQ forms the bunches from an input dc beam and

determines the longitudinal emittance through the
bunching process.s The bunching is done over many cells
(adiabatically) as the accelerating field and synchronous
phase are varied. Both nonlinear rf fields and nonlinear
spnce-charge forces act on the beam.

We have studied the RFQ bunching using the
PARMTEQ numerical simulation code with 1500
macroparticles per run in an initial 4-1) waurbag
distribution for the transverse coordinates and momenta
(uniform filling within a 4-L) hyperellipaoid). The inlt.tal
transverse ellipse parame@rs were chosen to produce an rm

match into the RFQ radial matching section, and th(

particles in longitudinal space were mormenergetic and
spaced uniformly over 360” of phase. An earlier study” has
shown that the beam characteristics afl.er bunchin~ in the
RFQ are very insensitive w the initial beam distributilm. In
Figs, 2a through 2c, we show longitudinal phase. spmw plots
nt the end of the bunching section (0.244 Me b’) tor threr
different beam currents for a 200MIIz RF’(J with un
injectiun ener~y uf 0.05 MeV und a current Iimlt (If 100 tnA.
These plots show n decreasing emlttnrtce :Is beum currrnt 1~
increased, In contraxt w the sprite charge .!ndl:!ed grllw!h III’
cmittunce that IS u chnrncter istic result for trnnsverw phii~t’
space In accelerators und beum trunsp{)rt systems, In Figs J
[ind 4, we show the rrns It)ntiitudinnl tind trnnsv~rs~’
emlttunces versus ccl] number in the RFQ bunrhln~ SeLIt II III

for the same three beam currvnts. ‘1’hc currelt~tlon hvtw(’(~1)

trt!nsverse ernltttince growth I~nd Il)ngltudirllll I,IIIItt:III((,

decreose ns the current Increuses IS tIv I(itIIIt III tho !Ig(ir(,i
IInd th(jrresporlds h) cncrKy trunsfvr (r(m) thv lIInKItud In:Il (II
Lhc transverse plnncrn, Thu rutlo r - ,),), 11,1,,whurr I ,tilld I,
Ilrw the rms rl(lrmtillzed lIJnKIt\Id IIIIIl :IIIIi lrillli~!’rw
(:ivernjpxl over x Nnrf y) PllllttJln CPS IInd II,, 111}11I! ,Irl’ III{’
l{)ll~ltudlnul nnd trun~verw phnsu IIdvmltcs pvr rl porl, ui

I with spnc,tt (,l)nrKe} of iir) ~.quivul~,rlt unll{)rnl I)(,lllt), SiIII\I!Ii

o(~unl Ilnltv If th~ henm IS t*(]ill~~nrtltl!llli*(t AI IIIIS I’11(1,It’(tll’
I)unchlnti wution, thl~ rntl(] IS r 1) ;12, i 1, ;Il)li :,1 I“llr’ ttl!,

I I), :)(), [I f)(i 1[)() IIIA (,II:WS
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Fig, 2 Longitudinal phaw-epuc~ plots at end of RFQ
bunching seclion

(e) 100 mA

Fig. 3 ‘~hc rmn wrmnllmd lonMItud IrIal cmIltaIIct: vn

RFQw II flufntw

[n nn earlier work, ” the scaling of trnnsverw Ims
omlttunce growth was reported, in thiu paper we pre~ent thr
r~wults (If n systematic study of KFQ desugm with different
t,enm currcnta, current limits, injcctirrn energies, und rf

Fig. 4 Therms normalized transverse cmittunce .s RFQ
cell number

frequencies to det.ermire a scaling law for rms lon~tudinal
emitt.ante after bunching. We find that the rms longitudinal
emittance c~ at the end of the bunching se,. tjon cart be
approximately expreaaed as a product

The quantity c, is equal w the product of the horizonta! and
vertical semiaxes of the zero-current separatrix area and is
given in energy-time phase space by

where q is the charge per particle, V iq the intervane voltage,
4 is the rfwavelength, c is the apeed of light, and A. $, and W
are the acceleration efl’iciency, synchronous phase in
radians, and energy at the ~nd of the bunching sertlon. The
factor q depends on the ratio I/l,, where I is the captured
beam current at the end of the bunching sectinn, and I, is the

I,]ngitudinal current limit, which is calculated fn]m the
uniform 3. Dellipeoid model.’~ ln Fig, 5 We shuw rl = L, i tIs

a function of M, for two different ftfJQ Iinacs. ‘fhc
decreasing value of q as VI, ir,crease~ is the result (~1’
increasing energy transfer b transverse motiun, ‘1’his (’urwt’
may depend somewhat on the details of the Aslgn
procedure.

I, ON(;I’I’UI)INAI. NMS NMI’1”l’AN(’K (; KOW’1’fl IN
THE 1)’1’1,

We have generntad u 200-MIIZ” DT1. ~or acculvrutit)n of

II proton beam from 2 t.4150 ,M13\’w studv lImgItu II In:Il rtns
emittance grnwth for low emittun~’c hunrhed h~t:~!ll~
Numerical simulation studies hnve hcen mndr wltll
I’AKMII,A with 2(!00 macrupurtlclex per run. ‘1’wo(iIl~vrvtIl
initial, ra~idum particle distrlhuti[~nn huve been ~cnvrl~twl,
both of which were rrnu. rnatthed to the 1)’1’1, In :111thrro
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planes using the program TRACE.13 The first distribution
was Gaussian in 6-D space nnd truncatad at four standard
deviations. The second distribution wan uniform within a
3 D ellipsoid in real space; it was slightly modified from a
3-D uniform ellipsoid in momentum space to produce
elliptical boundaries in the 2-D phase-space projections.
Both the axie! accelerating field and the synchronous phase
were chosen to be constant along the Iinac at
E T = 1,6 !vlV/m and $ = -40”. The zero. current phase

da vances per 2~A period in the transverse planes were held
constant throughout the Iinac at o = 6W and for the
Iungttudinal mction U? =

i
4& at 2 Me’$, decreasing b 19” at

50 MeV. The phase a vancea were significantly depreaaed
by space charge, The initial IJ/Ocratios were (-).19 and 0,17
fur the transverse and lon~tudinal planes, respectively, and
the beruns were initially equipartitioned so that the ratio
r=l

Figure 6a shows the rms longitudinal ●mittance versus
UCII number for the imcial Gauaaim beam at [ = 0 and
100 rnA. For I = O, no longitudinal rme emittance growth is
observed, which imp]ies that the nonlinear ex@rnal field has
n negligible effect on the ernittance, At 100 rnA, a very rapid
tbmittnncw growth of about a fnctor of 2 is observed in the
first cell, which is followed by beam oscillations and n slow
gr~]wth throughout the remainder of the D’11., The
~,~]rrespondln~ transverse ●mittance plots [Fig, Cb) show the
presence of the rapid initial growth, but not the slow growth
,v)mponent, The beam becomes nonequipartitioned; tit
‘)[)MeV the rstiu r = 3,3, We attribute the rapid growth tu

l’hur~e redistribution [jft.he beam SS the beam matihorr itself
Internally w the accelerator, and field energy IS transformed
h, pwrtlcle klnetlc energy, This mrtcluslon is supported by
the f(~llf)wing f~cts: ( 1) the obsened growth rrita occum
wlthln n beam plnsmn period, (2) the magnltlide {)( the

t)bserved ~owlh in rIIl three planes iu nearly equal w thnt
t,xpected for e G~usSian sphericni bunrh,l’ unrf (3) the rnpid
~rllwth IrI not observed for the initial uuifurrn dirjtrihutitJn
IWW FIK, 7u), which has no nvallable !leld energy Iur’ the
rnpld c:nittante gr{Jwth, Fi@,trc 7a shown, huwev?rt thtit th~
SII)W~rowth is st]ll ohwrwerl fur an Initial uniform benm,

lnlllal GIx”,,l@n

‘:-i rm’’--’om’
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oQQ~
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COII Numb.r

IHg. 6 DTL rms normalized cmittance VSWII number I’or
irutia] Gausnmn beams ~a) longitudinal and I b) trans}crsu

Figure 7b again shows ●&at the slow growth is suppressed for
the uniform beam in transverse phaw pace.

I ● 100 mA

ooo~~——
2000 00 120 140

C.11 Numbw

k’lg, 7 1)’1’1,rills !l,lrllltil lt(.(lt llllttall(,,* ,* L’,,I! !1,,1111,,1I(!f

dn Irl!tlul ,Iniforrti twtiln l~t 11111#11UIIIII, I ,IIId (Ill lritn~~vr.[,
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reduced by razuplng tie accel~raung !Ield as ~ :ncrc~sea, ‘~
keep wt. IWF .tant. This Improvement can b see~ in Fig, A.

kwhich s ows Lhe h.rnuitudinal eml Ltance vemus rell number
[or a unlfcmn besun. when w , is kept CWJ9~nL. rhe resuic (or

Fcansmnt tl,lT is also shown or comparison, ~he pracucal!ty
of ramping EOT dumng acceleration is related w issues oi rf
electric bren~down and swticcure wuling. The transveme
emlttance for constant w (not shown) shows no significant
growth and the reaulung~sun remsuns equips.r%t~oned.
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0004
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cdl ~

FIc. S DTL rm~ norma:ited lon~tudmwl em:trmce vscell
numbr fur an mmai uruform beum

Although an initinl uniform &am provides protection
fmtn the rapid growth, it does not prevent the slow growth.
We believe the ●xplanation for the slow growth is that the
initial uniform beanJ does not generally remain unifomn for
a finite emittance beam. An initial rarid charge
redistribution oecum. which pmducea nr initial etittance
browth but doea produce Debya-lcngtb tails and crestes
Iivailable field ●nergy for wthaaquettt ●mittance growth,

The conventional Iinac desi~ generally keepe EOT
constant throughout mout of the Iitmc. An appmximau
empirical fomiula for the slow ●rnittance growti rate in LIM
conotent EOT lin~m of thla PARMILA study is,

‘t
v I . ~., lt;l)r~,,u (3)

Let

where c1 = 0.00027 MV 1,.N,,it the call number, and v, is the
inltlal value of a epaee-charge parameter, given in ramm of
the initial nna radius a. bu!lch length b, and rms
liJCI@LUdirCal ●mlttance Cf,,and 20 = 376.73 Q as

I VIZ,) I h~-— — [41
:Ot 5 II ,1, / ~t:

Wc hmve checked !3quation 3 against our numerical
slmul~tion resul~ at conotant $ = .40” and for various values
,,( \, K,l’r. NC, and u, for prwlate bunchec. Wc heve not yet
detenmned the scaling of emitmnre growth with respect w
$ Ilquatwn 3 is conaiatent WIA the ●arlier obaervnth.m by
l’ubst und Bongardt.’;

SLVII.4NY

We have studlud !un~:udiual UtULLJnCc gr~wth .II
RFQ and DTL Iinacs. F,,r the RFQ bunchin~, we find :h:tt
I I I n,lniinear rf and spnce-(.barge tieldq are t.(llh im~)rtiint.
,,.,
!- I L, Wales as Lhe product ui zero current separuwlx are~
times a current dependent lacbr that decreases wltn
lncri~as!ng current, and (3) the decrease of c, with current IS
corroiawd wilh ~rattsveme emittance growth. For the DTL.
both rnpld and slow charge-redlqtrlbution emittance growth
mechanmms are observed. “rhe rapid growth Is consistent

with the charge redistribution mechanism studied
previously. The slow growth is cauaed by a gradual
weakening of the longitudinal focusing force with increasing
beam velocity and caa be controlled if the acceleraung tleld
can be ramped m conpenaate.
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